The stability theory of the skin layer plasma of the inductive discharge is developed for the case when the electron quiver velocity in the RF wave is of the order of or is larger than the electron thermal velocity. This theory is grounded on the methodology of the electron oscillating modes of the perturbations of the electron density and of the electrostatic potential. These modes have a static structure of a plane wave ∼ exp (ikr e − iωt) in the frame of references which moves with velocity of electron in the spatially inhomogeneous skin layer RF field with frequency ω 0 . In the laboratory frame, these electron oscillating modes are detected as the wave structures which involves infinite number of harmonics ∼ exp (ikr − i (ω − nω 0 ) t), n = 0, ±1, ±2, .... We found the instability of the skin layer which develops due to the coupling of the plane wave mode ∼ exp (ikr − iωt) of the ion density and electrostatic potential, determined in the laboratory frame, with the harmonics of the electron oscillating mode of the electron density perturbation with Doppler shifted frequency resulted from the electron ponderomotive current. The instability exists in the finite interval of the ponderomotive current velocity and is absent in the uniform boundless plasma.
I. INTRODUCTION
The main interaction of the electromagnetic field with the plasma in inductive discharges takes place in the skin layer near the plasma boundary. A situation can occur that the electron quiver velocity in skin layer under the action of the electromagnetic wave approaches or is larger than the electron thermal velocity. Under such conditions it is reasonable to talk about free oscillations of a plasma particle under the action of the RF field (at least, in the zero approximation in the ratio of the collision frequency to the field frequency). The relative oscillatory motion of the electrons and ions in the RF field is a potential source of numerous instabilities of the parametric type 1,2 with frequencies ω comparable with or less than a frequency ω 0 of the applied RF wave, or of the current driven instabilities with a frequency much above ω 0 . It is clear that in such a situation arises an essentially nonlinear dependence of the plasma conductivity on the RF field as well as the anomalous absorption of the RF energy due to the development of the plasma turbulence and turbulent scattering of electrons. This is just the case which interest us in the present paper.
It is usually accepted in the theoretical investigations of the parametric instabilities excited by the strong electromagnetic wave, that the approximation of the spatially homogeneous pump wave may suffice since the parametrically excited waves have the wave number much larger than the wave number of the pump wave. The presence of the skin layer at the plasma boundary near a) E-mail: vladimir@pusan.ac.kr b) E-mail:vsmikhailenko@pusan.ac.kr c) E-mail:haejune@pusan.ac.kr the RF antenna in which RF electromagnetic wave decays into plasma requires the development of new approach to the theory of the instabilities of the parametric type in which the spatial inhomogeneity of the pumping wave should be accounted for. This new kinetic approach, grounded on the methodology of the oscillating modes, is developed in Sec.II. We found that in the skin layer electrons experience the oscillating motion in RF field jointly with the uniformly accelerated motion under the action of the ponderomotive force resulted from the spatial inhomogeneity of the RF field in this layer. The basic equation for the perturbed electrostatic potential which determines the stability of the inductively coupled plasma against the development of the electrostatic instabilities in skin layer is derived in Sec. III. The numerical solution of this equation is presented in Sec. IV. It reveals the instability which is the result of the coupled action of the oscillating and steady motion of the electrons relative to the ions. Conclusions are presented in Sec. V.
II. BASIC TRANSFORMATIONS AND GOVERNING EQUATIONS
We consider a model of a plasma occupying region z 0. The RF antenna which launches the RF wave with frequency ω 0 is assumed to exist to the left of the plasma boundary z = 0. The electric, E 0 (z, t), and magnetic, B 0 (z, t), fields of a such RF wave, are directed along the plasma boundary and attenuate along z due to the skin effect. We assume that these fields are exponentially decaying with z, and sinusoidally varying with time,
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where E 0 and B 0 satisfy the Faradays law, ∂E 0 /∂z = ∂B 0 /c∂t. In this paper, we consider the effect of the relative motion of plasma species in the applied RF field on the development the short scale electrostatic perturbations in the skin layer near the antenna with wavelength much less than the skin layer thickness. Our theory bases on the Vlasov equation for the velocity distribution function F α of α species (α = e for electrons and α = i for ions),
This equation contains the potential ϕ (r, t) of the electrostatic plasma perturbations which is determined by the Poisson equation
where f α is the perturbation of the equilibrium distribution function F 0α , F α = F 0α + f α . The equilibrium distribution function F 0α is a function of the canonic momentums p z = m α v z and p y = m α v y − e c A 0y (z, t), which are the integrals of the Vlasov equation (3) without potential ϕ (r, t). It will be assumed to have a form
where the electromagnetic potential A 0y (z, t) for the electromagnetic field (1) and (2) is equal to 4 A 0y (z, t) = cE 0y ω 0 e −κz cos ω 0 t.
The kinetic theory of the plasma stability with the time dependence of the F α0 caused by the strong spatially homogeneous oscillating electric field E 0 (t) = E 0y sin ω 0 te y was developed 1,2 by employing the transformation v = v α +V α0 (t) of the velocity variable v in the Vlasov equations for ions and electrons to velocity v α determined in the frame of references which oscillates with velocity V α0 (t) of particles of species α in velocity space, leaving unchanged position coordinates. With new velocity v α the explicit time dependence which stems from the RF field is excluded from the Vlasov equation. In this paper we employ more general transformation of the velocity and position coordinates to the convected-oscillating frame of references determined by the relations
This transformation was decisive in the development of the parametric weak turbulence theory 3 , and the theory of the stability and turbulence of plasma in pumping wave with finite wavelength 5 
In the approximation of the spatially uniform RF field (i. e. for κ = 0 in our case), the time dependent RF electric field is excluded from Eq. (8) for the velocity V e for which the expression in brackets vanishes. In the case of the spatially inhomogeneous RF fields, this selection of the velocity V e provides the derivation of the solution for F e in the form of power series in the small parameter κξ e 1, where ξ e is the amplitude of the displacement of electron in the RF field. For the electric field (1) and magnetic field (2) this velocity is determined by the equations
It follows from Eqs. (9) and (10), that the variable z e , determined by Eq. (7),
is the characteristic for these equations. With variable z e Eqs. (10) and (11) becomes
where z = z (z e , t) in Eqs. (12), (13) is determined by Eq. (11). In Eq. (13),
is the amplitude of the displacement of an electron along the coordinate y at z e = 0. For the collisionless plasma Re κ −1 = L s is the skin depth for the anomalous skin effect,
We will find the solutions for V ey (z e , t) and V ez (z e , t) in the form of the power series in the parameter κξ e 1. In this paper, we consider the case of the high frequency ω 0 RF wave for which the RF electric field force acting on electrons in the skin layer prevails over the RF Lorentz force. The procedure of the solution of system (12), (13) for the case of the low frequency RF wave, for which the RF Lorentz force dominates over the RF electric field force, is different and will be considered in the separate paper. In the zero approximation, we obtain from Eq. (12) the equation for V ey ,
with solution
In the first order in κξ e , we find from Eq. (13) the equation for V ez ,
This equation is similar to the equation of the electron motion under the action of the ponderomotive force 7 with solution V ez (z e , t) = κξ e eE 0y t 2m e e −2κze
With velocity V e determined above, the Vlasov equation (8) becomes (4) for the potential ϕ (r e , t) compose basic system of equations. It is important to note, that the spatial inhomogeneity and time dependence in the zero order in κξ e is excluded from the Maxwellian distribution (5) in convective coordinates with velocity V ey determined by Eq. (17). At the same time, the transition from v z to v ez introduces spatial inhomogeneity and time dependence of the first order in κξ e to F e0 . Therefore, the solution of the Vlasov equation (20) for F e0 (v ez , v ey , z e , t) may be presented in the form of power series in κξ e 1,
where
The function F
With new characteristic variable z e = z e − v ez t, the derivative over z e is excluded from Eq. (23) and the solution to Eq. (23) becomes
The function Ψ (v ez , v ey ) is determined by employing simple boundary conditions 8 determined for different values of coordinate z e . The first condition is applied at z e = ∞ for the electrons moving from z e = ∞ toward plasma boundary z e = 0, i. e. for electrons with velocity v ez < 0. Because the electric field E 0y e −κz vanishes at z e = ∞, the boundary condition F
(1)
The second boundary condition is the condition of the specular reflection of electrons at the plasma boundary z = 0,
This condition determines the solution for electron distribution function F
(1) 
which contains the electrostatic potential ϕ (r e , t) of the self-consistent respond of a plasma on the RF wave. The solution to Eq. (28) may be found in the form of power series in κξ e 1. In this paper, we obtain the solution to Eq. (28) for f e and f i in the zero order in κξ e and use them in the Poisson equation for the potential ϕ (r e , t).
On this way, we obtain the basic equations of the theory of the parametric instabilities which may be developed in the inductively coupled plasma.
III. ELECTRON OCSILLATING MODE
In the zero order in κξ e , the Vlasov equation (28) for f e (v e , r e , t) and similar equation for f i (v i , r i , t) do not contain the RF electric field in their convective-oscillating frames. Therefore the equilibrium distribution functions
(v e,i ) and the equations for f i and f e will be the same as for the plasma without RF field,
∂f e ∂t + v e ∂f e ∂r e − e m e ∇ϕ e (r e , t) ∂F e0 ∂v e = 0.
The solution of the linearised equations for f i Fourier transformed over r i is
where ϕ i (k i , t 1 ) is the Fourier transform of the potential ϕ i (r i , t 1 ) over r i ,
The ion density perturbation n i (k i , t) Fourier transformed over r i with the conjugate wave vector k i is
The Fourier transform n e (k e , t) of the electron density perturbation performed in the electron frame is given by equation
which is the same as Eq. (33) for n i (k i , t) with changing ion on electron subscripts. The perturbations of the ion, (33), and electron, (34), density are used in the Poisson equation (4) which may be the equation for ϕ i (k i , t 1 ) by the Fourier transform of Eq. (4) over r i ,
or as the equation for ϕ e (k e , t) by the Fourier transform of Eq. (4) over r e . For the deriving the Poisson equation for ϕ i (k i , t) the Fourier transforms n (i) e (k i , t) and ϕ (i) e (k i , t) of n e (r e , t) and ϕ e (r e , t) over r i should be determined. Using Eq. (7) , which determines the relations among the coordinates in the laboratory, ion and electron frames, we find that the electron density perturbation n e (r e , t) Fourier transformed over r i is n (i) e (k i , t) = dr i n e (r e , t) e −ikiri = dr e n e (r e , t)
where velocities V ey (t 1 ) and V ez (t 1 ) are determined by Eqs. (17) and (19) . The velocities V iy (t 1 ) and V iz (t 1 ), which are determined by the same Eqs. (17) and (19) with subscript i instead of e, are in m i /m e times less than V iy and V iz and are neglected in what follows. One comment should be made concerning the uniformly accelerated part of the velocity V ez (t), resulted from the action of the ponderomotive force on electrons. It is clear that velocity V ez (t) can't grow infinitely. After the development of the parametric instabilities, we must take into account the deceleration of the electrons due to their scattering by the turbulent electric fields powered by the parametric instabilities. In the steady state, determined by the relation
where ν ef f is the 'effective collision frequency' of the electrons with plasma turbulence, the V ez (t) velocity at time t ν −1 ef f is determined by the relation 
where ξ e is determined by Eq. (14) and The relation between the Fourier transform ϕ e (k e , t) of the potential ϕ e (r e , t) over r e , involved in the expression for n e (r e , t), and the Fourier transform ϕ i (k i , t) of the potential ϕ e (r i , t) over r i when it is used in n (i) e (k i , t), is derived similar and is determined by the relation
which follows from the identity ϕ e (r e , t 1 ) = ϕ i (r i , t 1 ), and relation (39). In Eq. (43), we employ the local approximation for the electric field E 0y : because of the small amplitude of the electron oscillation in RF field along coordinate z e , E 0y means the local value E 0y e −κze of the weakly inhomogeneous electric field E y .
With Eqs. 
which determines the evolution of the electrostatic potential ϕ i (k i , ω) in the skin layer of an inductively coupled plasma. In Equation (44), ε i,e (k i , ω) is the ion (electron) dielectric permittivity. For the Maxwellian distribution
dielectric permittivity ε α (α = i, e) is equal to
where λ Dα is the Debye radius, z α = ω/ √ 2k i v T α ,
z 0 e t 2 dt is the the complex error function.
IV. THE PARAMETRIC INSTABILITY OF THE SKIN LAYER DRIVEN BY THE PONDEROMOTIVE CURRENT
For numerical solution of Eq. (44) we present this equation in a form of the infinite system of equations for the fundamental mode ϕ i (k i , ω) and harmonics ϕ i (k i , ω − mω 0 ). By replacing ω on ω −mω 0 in Eq. (44), where m is an integer, we find
Eq. (47) forms the infinite system of equations
where n and m are integer numbers and the coefficients a mn are determined by relation
The equality to zero of the determinant of this homogeneous system, det a mn = 0,
gives the dispersion equation for system (48). Below we present the numerical solution of this dispersion equation for system (48) limited by three equations: for the potential ϕ i (k i , ω) and its harmonics ϕ i (k i , ω − ω 0 ) and ϕ i (k i , ω + ω 0 ), i. e. for m = 0, ±1 and n = 0, ±1. The summation indexes r, t, q in coefficients a mn were limited by the interval [−10, 10]. In the numerical solution of Eq. (50) we use the normalized frequenciesω = ω/ω pe , ω 0 = ω 0 /ω pe , andν ef f = ν ef f /ω pe , the normalized electric fieldÊ 0y = E 0y / √ 4πn 0e T e , and the normalized velocity of the ponderomotive currentÛ ez = U ez /v T e . The Bessel functions arguments k iy ξ e and k iz η e in the normalized variables are
and
The results of the numerical solutions are presented in Figs. 1-8 . In all these figures, the solution for the normalized frequency ω/ω pe is presented in panel (a), the normalized growth rate γ/ω pe is presented in panel (b), and the arguments z i and z e of the W -functions in ε i and ε e are presented in panels (c) and (d) respectively. In Fig. 1 , the solutions for ω/ω pe , γ/ω pe , z i and z e versus the normalized frequencyω 0 for three different magnitudes of the normalized electric fieldÊ 0y :Ê 0y = 0.01 (red line 1),Ê 0y = 0.023 (blue line 2) andÊ 0y = 0.1 (black line 3) are presented. For a plasma with electron temperature T e = 4eV and density n 0e = 10 11 cm −3 these dimensionless values of E 0y correspond to E 0y = 8, 4V /cm, 19, 3V /cm and 84V /cm, respectively. The magnitudes of other parameters employed in this figure, as well as in Fig. 2 , are: T e /T i = 10 3 , k iy λ De = 10 −3 , κλ De = 0.1, k iz λ De = −0.675,ν ef f = 5.5 · 10 −4 , m i /m e = 40 · 1840 (Ar). Fig. 1 demonstrates the existence the instability of the kinetic type which develops in the skin layer due to the inverse electron Landau damping (|z i | 1, |z e | ∼ 1) with negative normalized frequency and with the growth rate comparable with frequency for all three magnitudes ofÊ 0y . The ratio of the normalized maximum growth rate γ/ω pe to the normalized frequencyω 0 at which growth rate is in maximum is ∼ 7 · 10 −4 − 2 · 10 −1 . The values ofω 0 at which the growth rate has maximum value depends on the magnitude ofÊ 0y . It follows from Fig. 1 that the growth rate maximum attains atω 0 = 0.066 forÊ 0y = 0.01, atω 0 = 0.154 forÊ 0y = 0.023, and atω 0 = 0.659 for E 0y = 0.1. These three values ofω 0 are used in Fig.  2 in three sets of solutions for ω/ω pe , γ/ω pe , z i and z e versusÊ 0y = 0.01 obtained with employment of these values ofω 0 . Namely, the solutions withω 0 = 0.066 are denoted as red lines (lines 1), withω 0 = 0.154 are denoted as blue lines (lines 2) and withω 0 = 0.659 are denoted as black lines (lines 3). The results presented in Figs. 1 and 2 reveal that the ratioÊ 0y /ω 0 for theÊ 0y andω 0 at which the growth rate maximum attains has the same value for all three magnitudes ofÊ 0y used in Fig. 1 . Accounting for this result, we usedÊ 0y = 0.01 andω 0 = 0.066 in the calculations presented in Figs. 3-8. It is important to note, that for theseÊ 0y ,ω 0 , and T e = 4eV , n 0e = 10 11 cm −3 , the value of the parameter κξ e = 0.02 1. The dependences of the ω/ω pe , γ/ω pe , z i and z e on the normalized wavenumbers k z λ De and k y λ De are presented in Fig. 3 and Fig. 4 respectively. Figure 4 displays that the wave vector k z is directed to the plasma boundary (k z is negative) and the growth rate has maximum value at k z λ De = −0.675. Fig. 4 displays that the growth rate has maximum value at k y λ De 1. Therefore we use k z λ De = −0.675 and k y λ De = 10 −3 in our numerical calculations.
The solutions for ω/ω pe , γ/ω pe , z i and z e versus the T e /T i ratio are presented in Fig. 5 . Figure 5 displays that the growth rate maximum attains at T e /T i ∼ 10 2 and has this maximum value up to T e /T i ∼ 10 3 and above. The detected instability exists in plasmas with hot ions for which T i = T e , however with the growth rate in 10 times less than maximum value. The instability is absent in plasmas where the ion temperature is above the twice of the electron temperature. Fig. 5 displays that the observed instability is of the kinetic type with |z i | 1 and |z e | ∼ 1, 5 for all values of the T e /T i ratio, where this instability develops.
In Fig. 6 , the solutions for ω/ω pe , γ/ω pe , z i and z e versusÛ ez are presented. We found that the instability develops due to the coupled action of two effects caused by the motion of electrons relative to the practically unmovable ions in RF field. The occurrence of harmonics of the potential with frequencies ω ± ω 0 observed in the ion frame is the consequence of the oscillatory motion of electrons relative to ions. The instability develops in the finite interval of theÛ ez values and is absent in the uniform boundless plasma, where the ponderomotive current is absent. The growth rate maximum attains forÛ ez = 2.11 and is absent for U ez > 4v T e . Therefore, the instability found is the parametric instability driven by the ponderomotive current.
In Fig. 7 , the solutions for ω/ω pe , γ/ω pe , z i and z e versus the normalized effective collision frequencyν ef f are presented. The magnitude of the effective collision frequencyν ef f for a given plasma and the RF field parameters should be derived consistently employing the nonlinear theory of the instability considered 9 . Because the growth rate and the frequency of the instability are comparable, the nonlinear evolution of this instability should be studied using the methods of the strong turbulence. In Fig. 7 we considerν ef f as a parameter which may vary in the interval comparable with the instability growth rate. We found that the maximum growth rate attains for the comparableν ef f and the growth rate. Figure 7 displays that for low values of ν ef f 1, i.e. high current velocity U ez , instability is absent.
In Fig. 8 , the solutions for ω/ω pe , γ/ω pe , z i and z e versus κλ De are presented. It follows, that the maximum growth rate corresponds to κλ De ≈ 10 −1 . Because the maximum growth rate of the instability attains, as it follows from Fig. 3 , at k z λ De ≈ 0.7, we have k z ≈ 7κ in this case.
V. CONCLUSIONS
In this paper, the stability theory of the skin layer plasma of the inductive discharge is developed for the case when the electron quiver velocity in the RF wave is of the order of or is larger than the electron thermal velocity. This theory is grounded on the methodology of the oscillating modes, developed in Sec. III, which accounts for the oscillating motion of the electron component relative to the unmovable ions in the spatially inhomogeneous RF field of the skin layer. The theory predicts the existence in the skin layer the instability of the kinetic type with the growth rate comparable with frequency. We found that the instability stems from the coupled action of two effects caused by the motion of electrons relative to ions in RF field: the occurrence of harmonics of the potential with frequencies ω ± ω 0 observed in the ion frame and their coupling due to the ponderomotive current. The instability exists in the finite interval of the ponderomotive current velocity and is absent in the uniform boundless plasma. 
